Record high values of Young's modulus and tensile strength of graphene and BN nanoribbons as well as their chemically active edges make them promising candidates for serving as fillers in metal-based composite materials. Herein, using ab initio and analytical potential calculations we carry out a systematic study of the mechanical properties of nanocomposites constructed by reinforcing an Al matrix with BN and graphene nanoribbons. We consider a simple case of uniform distribution of nanoribbons in an Al matrix under the assumption that such configuration will lead to the maximum enhancement of mechanical characteristics. We estimate the bonding energy and the interfacial critical shear stress at the ribbon/metal interface as functions of ribbon width and show that the introduction of nanoribbons into the metal leads to a substantial increase in the mechanical characteristics of the composite material, as strong covalent bonding between the ribbon edges and Al matrix provides efficient load transfer from the metal to the ribbons. Using the obtained data, we apply the rule of mixtures in order to analytically assess the relationship between the composite strength and concentration of nanoribbons. Finally, we study carbon chains, which can be referred to as the ultimately narrow ribbons, and find that they are not the best fillers due to their weak interaction with the Al matrix. Simulations of the electronic transport properties of the composites with graphene nanoribbons and carbyne chains embedded into Al show that the inclusion of the C phase gives rise to deterioration in the current carrying capacity of the material, but the drop is relatively small, so that the composite material can still transmit current well, if required.
Introduction
Lightweight and mechanically strong materials are of high importance in modern automotive and especially the aerospace industry where even a small reduction of craft weight can give rise to a considerable drop in the operation costs.
Nowadays the materials used in this area are mostly based on aluminum, which is a reasonable compromise between the weight, cost and mechanical characteristics, which are in fact far from being impressive for pure Al: its Young's modulus is about 70 GPa, and tensile strength is 40 MPa only. 1 The improvement of the mechanical characteristics of Al-based alloys and composites can not only lead to enhanced performance of the present day machines, but can also give access to principally new technologies in automotive, aviation and aerospace industries. Furthermore, metal-carbon composites have been considered to be promising materials to replace conventional conductors due to lower cost, lower density and corrosion renitent character.
Relatively modest mechanical characteristics of Al can potentially be increased by an Al matrix with stiff and elastic materials, e.g., with carbon or boron nitride nanostructures, which have high elastic constants, excellent elasticity and a low equilibrium concentration of defects due to their high formation energies. 2 This idea has been explored in a number of papers [3] [4] [5] [6] where carbon and BN nanotube-based Al composites were investigated. It was found that only 3 wt% of BN nanoa tubes increases tensile strength at room temperature up to 350 MPa, 7 which is comparable to the strength of some structural steels, but the Al-based material was nearly three times lighter. However, in spite of considerable improvements of the mechanical characteristics of the composite as compared to the pure metal, it was found that low adhesion of the nanotube surface to metal does not allow reaching the theoretical upper limit of mechanical rigidity. The problem of low adhesion originates from the inertness of the nanotube surface. A solution was proposed, which assumed intentional introduction of point defects 6, 8 or molecular links between the nanotube and the matrix. 4 However, this approach, especially when defects are involved, leads to a decrease in the elastic stiffness of the filler.
In the recent experimental reports on using a powder metallurgy method for fabrication and investigation of aluminum matrix composites reinforced with graphene nanoplatelets (few layer graphene sheets), an increase in the ultimate tensile strain up to 46% after inclusion of 0.25 wt% graphene nanoplatelets was demonstrated. 9 This phenomenon was also confirmed by DFT calculations.
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Graphene multi-layered nanosheets are widely used for the reinforcement of ceramic matrices. For example, increasing of the fracture toughness (up to 53%) of Al 2 O 3 after embedment of 2 wt% graphene nanosheets was observed. 11 In addition, the inclusion of 1.5 vol% of graphene platelets into a Si 3 N 4 matrix led to the enhancement of fracture toughness up to 136%.
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Very recent experiments 13 indicate that graphene flakes can be uniformly distributed in the Al matrix by cooling the metal from the melt, and that the hardness, strength and ductility of aluminum-graphene composites are at least 2-3 times higher than in the initial aluminum material, proportional to the concentration of graphene, which is about 2%. Graphene has excellent mechanical characteristics, but it is also chemically inert. Therefore, it is desirable to find other nanomaterials with comparable mechanical characteristics, but with more reactive surfaces, or optimize the geometry of graphene flakes. From such point of view graphene and BN nanoribbons (GNR and BNNR, respectively), in one-dimensional (1D) systems, can be considered as a good choice. The Young's modulus of such nanostructures (normalized over ribbon width) is comparable to that of nanotubes and even increases with decreasing the ribbon width, 14 whereas reactive ribbon edges can strongly bind to the metal matrix. Pristine nanoribbons with high mechanical stiffness are expected to strongly increase the mechanical characteristics of a whole Al-based composite. As the ultimately thin ribbon, carbyne, that is the chain of C atoms, can be considered. The theoretically predicted high Young's modulus (1.34-1.75 TPa, ref. 15 ) and large accessible surface area make carbyne promising in such kind of applications, but the value of binding with a matrix should be estimated and the behavior of carbyne in the matrix under tension should be studied in detail. The same is, in fact, true for nanoribbons, as the mechanical characteristics of ribbons embedded into an Al matrix may be different from those for free-standing systems.
Herein we use atomistic simulations at density functional theory (DFT) and analytical potential levels to carry out a systematic fundamental study on the interfacial mechanical properties of the nanocomposites based on Al strengthened by BN/graphene nanoribbons and their dependence on the nanoribbon widths. The obtained data allows us to construct the analytical model of composite strength changes upon the concentration of nanoribbons using the well-known rule of mixtures. 16, 17 The concentration of nanoribbons was taken from 6 wt% to 13 wt% as a compromise between the computational costs and the typical (normally smaller) experimental values. 7, 18 Our results indicate that the presence of the non-passivated edges strongly improves nanocomposite mechanical characteristics. We further show that the decrease in the nanoribbon width leads to the increase in the interaction with the Al matrix. We also investigate the interaction of carbyne with the Al matrix and assess the mechanical characteristics of such material. Finally, keeping in mind the possible simultaneous use of the composites for reinforcement and electrical applications, we study the electronic transport in the composite material.
Computational details
All calculations of the atomic structure, interaction at the interfaces between graphene/BN and Al, as well as the mechanical properties of the BNNR(GNR)/Al composite were performed using the DFT and PAW formalism 19 as implemented in the Vienna Ab initio Simulation Package. 20, 21 The exchange and correlation functional included a nonlocal van der Waals (vdW) component. 22, 23 The plane-wave energy cutoff was equal to 450 eV. To calculate the equilibrium atomic structures, the Brillouin zone was sampled according to the Monkhorst-Pack scheme with a grid 8 × 1 × 1 k-point. The structural relaxation was performed until the forces acting on each atom were less 0.001 eV Å −1 . The width of the embedded nanoribbons varied from 0.4 nm to 2.3 nm. The models of the nanoribbon-Al composites consisted of up to 105 aluminum atoms and 38 atoms in the ribbon. Rectangle supercells were used. Test calculations showed that the interaction between the embedded nanoribbons and Al matrix depends on the distance between the periodic images of the ribbon (that is how many layers of Al are between them), but after five Al layers the changes in the binding energy are negligible (less than 0.7 meV Å −2 ).
We estimated the binding energy of the filler in the matrix as E We also assessed critical shear stress as one of the most important parameters in macroscopic models of composite materials, such as nanotube-metal 4 and nanotube-polymer composites 16, 24 or nanotube networks. 24 The shear stress was calculated by moving the nanoribbon stepwise along the periodic axis. For each step the geometry optimization and total energy calculations were performed. Then the critical shear stress, τ c , was defined as the maximum force along the moving direction divided by the surface area. We assumed that during the sample preparation the nanoribbons were distributed uniformly and isotropically in the metal matrix, which would lead to the isotropic improvement of the composite mechanical characteristics, and the response of the macroscopic sample to mechanical deformation is governed by the behavior of the fillers under tensile strain, not their bending.
To better understand the behavior of carbyne-Al composites under the mechanical load, we also carried out analytical potential molecular dynamics simulations using the LAMMPS package. 25 An empirical potential of Baskes 26 was used to describe the interaction between Al atoms, and a pair potential for C-Al was introduced and parameterized based on the DFT results, as detailed below. The coherent transport calculations were performed using the Atomistix ToolKit (ATK) code. 27 The calculations were done using the GGA/PBE functional 28 with SIESTA-type numerical basis sets. We used an energy cutoff of 150 Ry and 0.0002 Ry of tolerance for the self-consistent calculations. The direction perpendicular to the transport axis was assumed to be infinite by applying periodic boundary conditions. The Brillouin zone of the transport model was sampled with 5 × 5 × 100 k-points.
The Poisson-Schrödinger equation of the system was selfconsistently solved using a Fast Fourier Transform (FFT) solver. The electrical current through the device under non-equilibrium conditions, i.e. for a finite bias voltage (V Bias ), can be calculated using the Landauer formula:
where f is the Fermi-Dirac distribution function, 
Results and discussion
We started the analysis by studying the properties of graphene and BN nanoribbons in the Al matrix. We focused on the simple case of the orientation of the nanostructures along the <100> direction of the Al crystal. In Fig. 1a , the atomic structure of an armchair GNR with a width of 9 graphene unit vectors embedded into the Al matrix is presented. Herein we considered the simple case of uniformly distributed nanoribbons embedded into ideal rectangular holes of an Al matrix under the assumption that such distribution and ideal interface between aluminum and nanoribbons will lead to the maximum enhancement of mechanical characteristics. The mechanical characteristics of an Al-based nanocomposite with randomly distributed nanoribbons were expected to lead to the properties not better than those considered below. We found that the binding energy between Al and BNNR/ GNR (normalized per ribbon area), which included bonding at the edges and vdW interaction, strongly increased (the absolute value) when the nanoribbon became narrower.
Assuming that the obtained dependence of the normalized binding energy on the inverse nanoribbons width W can be described in terms of energy contributions from the vdW (between Al and nanoribbon surfaces, E surf ) and covalent (between the Al matrix and NR edges, E edge ) interactions, it can be written as:
here, a factor of one half is because there are two Al/NR interfaces and two Al-NR edges (at both sides of the ribbon). Thus, the extrapolation of the plot E b versus 1/W yields the value of the vdW interaction between h-BN/graphene of infinite lateral size and Al surfaces. In our simulations this value equals to For each width of the nanoribbon we also estimated critical shear stress τ c , which is one of the most important mechanical characteristics of the composite (Fig. 1c) . It was calculated from energy-nanoribbon displacement dependence. It was found that in the case of nanoribbons embedded into the Al matrix critical shear stress reaches values up to 11 GPa and 20 GPa for BNNR and GNR, respectively. These values are significantly larger than those for h-BN/Al 6 or Mg/h-BN/Mg 8 interfaces, both pristine (∼10 1 MPa) and with defects (∼10 2 -10 3 MPa).
The decrease in the nanoribbon width leads not only to the increase of binding energy, but also to the increase of critical shear stress. In a similar way, we can assume that the contribution to the critical shear stress originates from vdW (between Al and NR surfaces, τ surf c ) and covalent (between the Al matrix and NR edges, τ edge c ) interactions, so that
The calculated values of τ indicate that whereas h-BN/graphene of infinite lateral size displays apparently low tensile strength at the interface, the presence of edges increases significantly the critical shear stress value thus allowing mechanical reinforcement of the composite by nanoribbons.
We can estimate the elastic rigidity of the nanocomposite by calculating the elastic constant C through:
where V 0 is the volume of the considered system, E is the strain energy and ε is the strain. The calculated values can be compared to that obtained using the well-known rule of mixtures:
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between the elastic constant of the two-component composite C A+B and its consistent parts C A and C B with the compound ratio α. Such estimation is applicable only in the case of uniform distribution of the compounds and strong chemical bonding between them. At first, we calculated elastic constants of the single nanoribbons considered in this work. Our data agreed well with the reference results of elastic constants of both graphene and BN nanoribbons. 14, [29] [30] [31] In the case of armchair nanoribbons only a weak dependence of the elastic constant on ribbon width was observed, while the dependence of the elastic constant on the width of zigzag nanoribbons was much stronger. As only armchair nanoribbons were used here for the calculation of elastic constants through eqn (1), the reference values of C were taken from our ab initio calculations as C 11 of graphene and h-BN, which were 1015.82 GPa and 733.29 GPa, respectively. Also the elastic constant of the pure bulk Al was calculated, and the obtained value 103.8 GPa was in a good agreement with the reference result. 32 We compared the elastic constants of Al-based composites yielded from direct ab initio calculations and estimates through eqn (1), see Fig. 2 (filled dots and lines, respectively) . The variable α of the embedded compound B (C atoms) in the considered supercell was defined as the volume which nanoribbon occupy in bulk Al, and it was obtained from the designed atomistic model and was varied from 0.12 vol% to 0.22 vol%. We defined the ratio in terms of the area due to the fact that during the simulation in considered composite materials only two lattice parameters were changed and the lattice parameter along the periodic direction of nanoribbons remained the same at each of composite materials. Elastic constants of the Al composite depend on the concentration of embedded nanoribbons, which means that with increasing the nanoribbon concentration the elastic constants will tend to match the values of pristine nanoribbons. We found that dependencies of both GNR/Al and BNNR/Al composite elastic constants on the ribbon width fit the linear trend in which slopes correspond well with the rule of mixtures. We observed that the introduction of the ribbons into Al leads to sufficient stiffening of the material, no less than 50%. Eqn (1) overestimates the elastic constant values (by ∼30% for GNR/Al and by ∼15% for BNNR/Al) mainly due to the surface effects, which cannot be described by a simple relation. Nevertheless the similarity between the two sets of data allows us to conclude that the rule of mixtures can be used for the estimation of the composite rigidity.
This result and binding energy values unambiguously indicate that the introduction of nanoribbons with chemically active edges to the metal matrix can produce material with superior mechanical properties (the highest value of τ c ). On the other hand, the increasing of the nanoribbon width leads to the decreasing of the connection strength between the composite parts (Fig. 1b) with following decreasing of τ c (Fig. 1c) which requires fine tuning of the balance between composite rigidity and binding.
It is also interesting to investigate the limiting case of the smallest possible ribbon with a width of just a single atom, which is an atomic chain. We note here that even though carbon 33, 34 and BN 35 chains were recently produced and directly imaged using transmission electron microscopes, they can hardly be manufactured in substantial quantities and stabilized inside an Al matrix. However, carbon interstitial atoms implanted in Al may form such line defects. From the naive point of view, the absence of 'inner atoms' in the filler should lead to stronger binding, and therefore chains could be the best possible fillers for the composite, especially given that carbon atomic chains or carbyne are expected to have the highest values of Young's modulus, ranging from 1.34 TPa for polyyne and 1.75 TPa for cumulene phases. 15 The values of Young's modulus for carbyne (in the polyyne phase) and BN chains we proved to be 1.38 GPa and 1.19 GPa, respectively. At the same time, the interaction with the matrix can reduce Young's modulus of the chain, as some electron density will be redistributed from covalent bonds between the atoms to the matrix-chain bonds or the other way round, and hence the interaction of the chain with the matrix may be too weak for substantial load transfer. Our simulations show that atomic chains are worse fillers than GNRs. We first studied the stability of the carbon chain in Al. We calculated the difference in energy between carbyne in the metal and separated carbon atoms in the same metal supercell with the same number of absent Al atoms. We found that the energy gain in the case of formation of carbyne is 1.23 eV per C atom which suggests that carbon chains in Al might form due to coalescence of C atoms in Al with vacancies. Our calculations show that the polyyne configuration is more stable than cumulene in agreement with the previous results. 36, 37 Like in the case of pure carbyne, the carbyne/Al composite also displays the polyyne configuration of carbyne embedded into the Al matrix. Since the simulation setup the supercell contains the same number of Al layers in the matrix as in the ribbons case, the rule of mixtures predicts the value of 180.8 GPa and 169.9 GPa for carbyne and the BN chain, respectively (Fig. 2) . However DFT calculation yields lower elastic moduli of 153.5 GPa and 149.7 GPa, respectively, so that the increase in the stiffness with regard to pure Al is about ∼50%. The calculated elastic constants for Al with chains are presented in Fig. 2 as those for nanoribbons of zero width. Such a relatively low value is originated from the bonding in C chains, in particular, in carbyne the atoms are connected by the σ bond with two additional unpaired π orbitals which are responsible for the weak interface interaction with Al. This leads to low values of critical shear stress of carbyne and BN chains embedded in the Al matrix, which are 2.89 GPa and 0.69 GPa, respectively, whereas in the case of the nanoribbon based Al-composite an order of magnitude larger values were obtained, as discussed above. Despite modest mechanical characteristics, carbyne is the useful model filler for the study of the process of composite deformation. In order to gain insight into the mechanism of hardening of Al composites and to better understand its behavior under strain, analytical potential molecular dynamics simulations were carried out. For the description of the carbyne interaction with metal the 6-9 potential
was used.
Such pair potentials can be applied for the description of the interaction between carbyne and Al due to the uniform distribution of the π orbitals of cylindrical symmetry along the chain 37 responsible for bonding with surrounded Al. Such a simple pair potential can be easily parameterized using DFT data. We fitted the potential only to the case of shifting carbyne in the <100> direction and only this direction was studied further. The interaction parameters were fitted as: ε = 141 eV, σ = 2.32 Å, the potential with these parameters predicted the value of the critical shear stress of the carbyne chain embedded in the Al matrix as 2.29 GPa with respect to 2.89 GPa obtained from DFT. The composite was represented by a finite slab consisting of ∼55 × 10 3 Al atoms with embedded 70 C atoms in the carbyne chain. Mixed boundary conditions were used with the mechanical stress being applied along the nonperiodical direction. During the simulations, one Al atomic layer on the slab surfaces was kept fixed, whereas the Al layer of the slab on the opposite side was moved along the carbyne axis with a step of 0.06 Å. Fig. 3a shows the dependences of the strain energy of pure Al and the Al matrix with the carbyne chain (concentration of about 0.12%). It is evident that the presence of the carbyne embedded in the Al matrix leads to a decrease in the critical stress value from ∼40% to ∼20% (step 3 of the red and blue curves, respectively). In spite of larger values of strain energy at small strain values (which means that the carbyne/Al-composite is stiffer) the breaking point of the composite is smaller than that of the pure Al case. This result can be explained by the absence of a large number of Al atoms in the tunnel where the chain is located, which facilitates the breaking process. During the elongation the length of the structure monotonically increases up to the breaking point when carbyne breaks and the whole structure is fractured (Fig. 3b, step 3) . Under the strain, carbyne undertakes the applied load and prevents the composite from breaking. This result additionally validates the critical importance of critical shear stress in the description of nanocomposite mechanical characteristics. Such behavior of the composite is manifested in the dependence of the elastic energy (Fig. 3a) on strain. We stress that the values of critical stress correspond to perfect crystals, and the actual values should be lower.
Additionally, the investigation of the dependence of the carbyne based Al-composite under strain on the defect concentration was carried out. Only Al monovacancy defects were considered. The increase in the concentration of vacancies leads to the decrease in the critical elongation values for both cases, but the slope of the pure Al dependence is much larger, see Fig. 3c . Both the dependencies cross at a defect concentration of ∼0.8%, and after this value the critical elongation becomes larger for the carbyne based Al-composite than for pure Al.
Finally, we studied the transport properties of carbon-Al composites with various graphene ribbons and carbyne chains. The setup for transport calculations for an example of carbyne (Fig. 4) consists of Al with carbyne (of length L c ) as a channel region and two semi-infinite perfect aluminum electrodes (L and R). In order to eliminate artificial effects from the coupling, a small part of the electrodes is included in the channel region as buffer layers. Here we assume that the direction of the GNR and chains is along the transport direction, which has been found to be the most favorable orientation for the metal-carbon composites. The results show that with increasing the length of the chain, the current gradually decreases. The effect can be related to the dominant contribution of Al-p orbitals in the electronic structure close to the Fermi level, while C atoms have no significant impact as it is shown in PDOS (see Fig. 4d ). As a result by decreasing the number of aluminum atoms in the system, electron density decreases which reduces the current. Fig. 5a shows the current-voltage characteristics for Al-GNR composites with different lengths and widths. Similarly to the Al-carbyne composite, the inclusion of C chains decreases the transport characteristics of Al, but the drop is larger in the case of length variation in comparison to width variation due to a higher proportion in the volume fraction of the C phase. Furthermore, the differential conductance G diff ¼ dI dV of the Al-GNR composite was examined as a function of overall mass density (ρ) of the composite (Fig. 6 ). As expected, the conductance increases with mass density. Using a linear fitting, we can find an equation that correlates the transport properties with the density of the composite. For instance, an increasing density by ∼17% can enhance conductivity by 37%. We have further analyzed the transport mechanism through the composite by calculating the transmission eigenstates via the diagonalization of the transmission matrix (Fig. 7) . The results show that the transmission modes in the composite change dramatically by embedding the GNR into the Al matrix.
In the pure Al the amplitudes of the transmission keep similar values through the whole structure, while in the composite the values are significantly reduced on the areas around the GNR. This can be related to the scattering occurring at the Al/GNR interface that can be responsible for the reduction in transmission through the composite. 38 
Conclusions
We theoretically studied the possibility of using graphene and h-BN nanoribbons for the reinforcement of Al. We found that contrary to carbon and BN nanotubes the active chemical edges of the ribbons create strong chemical bonding between the filler and metal matrix and yield critical shear stress in the GPa range. This result combined with the enhanced rigidity of narrow nanoribbons indicates that such nanoribbons can be considered as prospective fillers in the metal composite. However, carbon chains, which can be referred to as the ultimately narrow ribbons, are not the best fillers due to their weak interaction with the Al matrix. The investigation of the electronic transport properties of the carbyne based Al-composite showed that the inclusion of the C phase gives rise to deterioration in the current carrying capacity of the material due to free electron density lowering and scattering at the interface. However, the ratio of the reduction in conductance is lower than the overall gain in composite density. Thus our results could be used for the design and fabrication of novel Al-based composites with optimal mechanical and electrical properties.
